We present an enhanced performance Brillouin optical time-domain analysis sensor that uses dual probes waves with optical frequency modulation and cyclic coding. The frequency modulation serves to increase the probe power that can be injected in the fiber before the onset of non-local effects and noise generated by spontaneous Brillouin scattering. This leads to higher detected signal-to-noise ratio (SNR), which is further increased by the coding gain. The enhanced SNR translates to extended range for the sensor, with experiments demonstrating 1-m spatial resolution over a 164 km fiber loop with a 3-MHz Brillouin frequency shift measurement precision at the worst contrast position. In addition, we introduce a study of the power limits that can be injected in the fiber with cyclic coding before the appearance of distortions in the decoded signal.
INTRODUCTION
Distributed optical fiber sensors based on Brillouin optical time-domain analysis (BOTDA) have been widely employed in civil and geotechnical engineering. For instance, in the monitoring of oil or gas pipelines, railway inspection, fire detection, etc... Many of these structures require a large sensing range. However, the sensing range of BOTDA sensors is limited by the attenuation of the fiber and by the maximum pump and probe power that can be injected in the fiber before the appearance of non-liner effects, non-local effects 1, 2 and noise induced by spontaneous Brillouin scattering. 3 A number of techniques have been proposed to overcome these limitations, and achieve an improvement of the signal-to-noise ratio (SNR) of BOTDA sensors. For instance, the use of different coding techniques 4, 5 or distributed pump amplification.
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We have recently presented a dual-probe BOTDA in which the optical frequency of the probe waves is modulated in order to mitigate second-order non local effects and increase the Brilloiun threshold of the fiber link. 7 In this work, we demonstrate that cyclic coding can be deployed in this setup in order to increase the detected SNR and hence the sensing range. Moreover, we introduce a first study on the power limits that can be injected in the fiber using mono-color cyclic coding in order to avoid distortion of the decoded signal.
FUNDAMENTALS OF THE TECHNIQUE
The fundamentals of the proposed sensor are schematically described in Fig. 1 , where the optical waves involved in the technique are depicted. As it is highlighted in the figure, the optical frequency of the probe waves is modulated following a saw-tooth shape.
7 Additionally, this frequency modulation (FM) is synchronized to the pump pulses so that a sequence of pulses experiences the same wavelength of the probe waves at any given location. The FM increases the Brillouin threshold limit of the fiber. Moreover, second order nonlocal effects are prevented because the FM modulation leads to a broadening of the effective gain and loss spectra induced by both probes on the pump, which mutually compensate avoiding any distortion of the pulse spectrum. Therefore, a very large probe power can be deployed to enhance the SNR in detection. In order to further increase the SNR, it is interesting to combine the FM technique with mono-color cyclic coding. For this purpose, we introduce a code based on a circulant matrix of dimension L, with L a prime number. 4 The code is generated following the recurrence equation for an integer n:
where mod is the modulo function and n ∈ [1,
. The first line of the code matrix for a code length of seven is represented in Fig. 1 . The improvement of the SNR given by the coding gain is (L + 1)/2 √ L. It is important to point out that in order to decode properly the signal, the period of the frequency modulated probe waves must be equal to the distance between two of the contiguous bits of the generated cyclic code, T Code = T P robe .
In order to maintain an error-free decoding process for mono-color cyclic coding techniques, there is a limitation regarding the maximum pump and probe power that can be injected in the fiber. Firstly, in order to keep a linear Brillouin amplification of the probes, the total Brillouin gain induced by the pump pulses sequence on the probe needs to be relatively small. Thus, it is necessary to limit the pump power to avoid distortion. The linearity is actually one of the fundamental requirements to apply coding techniques. Moreover, as the successive pulses interact with a probe wave that has been amplified by previous pulses, non-local effects will appear earlier, which leads to the need to reduce the probe power. Finally, most of coding techniques require that all coded pump pulses have the same power, which limits the pump power due to the fact that the transient behavior of erbium-doped fiber amplifiers (EDFA) worsens for large power. All these limitations imply that cycle codes are useful only for loop configurations, where the probe power at the input of the sensing fiber has a reduced power.
EXPERIMENTAL RESULTS
We assembled a BOTDA setup following the scheme in Fig. 2 to demonstrate the proposed technique. The optical source was a DFB laser at 1550nm, whose output was divided by a coupler into two branches. In the upper branch, the pump signal was pulsed using a semiconductor optical amplifier (SOA). Then, the pulse power was amplified to a peak of 20 dBm in an EDFA, and the polarization state of the pulsed pump was randomized with a polarization scrambler before being launched into the sensing fiber.
In the lower branch of the setup, a dual-probe wave was generated using a Mach-Zehnder electrooptic modulator (MZ-EOM). This modulator was driven by an arbitrary waveform generator (AWG), and biased for minimum transmission so as to generate a FM-modulated double-sideband suppressed-carrier signal. For this purpose, the AWG provides a microwave signal with an instantaneous frequency varying around the Brillouin frequency shift (BFS) of the fiber following a saw-tooth shape with a period of 10.7 µs and peak-to-peak frequency deviation of 250 MHz. Then, the signal was boosted to 15 dBm by another EDFA before injecting it in the 82-km leading fiber. At the input of the 82 km of fiber-under-test (FUT) the probe power was -1.8 dBm. Finally, before the receiver, two tunable narrowband fiber Bragg gratings (FBG) were used to filter out one of the probe sidebands and the Rayleigh backscattering originating from the pump wave. An EDFA was used between the two FBGs as a pre-amplifier.
To analyze the performance of the sensor in terms of measurement precision, a series of 10 consecutive measurements for stable temperature conditions were performed over a loop of 164 km length of standard singlemode fiber. The pulse duration was set to 10 ns, corresponding to approximately 1-m spatial resolution, and the code length was set to L = 79. The final 5 km of the fiber was placed loose in a climatic chamber, while the rest was held at room temperature in a spool. The frequency step of the spectral scan was 2.3 MHz and 16000 averages were used to obtain the final traces. From these measurements, the uncertainty of the BFS measurement, which is depicted in Fig. 3a , was found to be 3 MHz (1σ) at the end of the fiber under test. Fig. 3b portrays the BFS along the whole sensing fiber, where four fiber spools are clearly distinguishable, with a fairly uniform BFS of all of them. The BFS along the fiber was calculated by performing a quadratic fit on the Brillouin gain spectrum (BGS). The noise reduction effect provided by the coding technique can be clearly appreciated in Fig. 3c , which compares the conventional BOTDA trace with that obtained with coding. The measured SNR enhancement was 6.2 dB, in good agreement with the theoretical expected value (6.5 dB) in case of a 79-bit code length. We also studied the limitations on the probe and pump power that can be injected in the fiber using monocolor cyclic coding in order to avoid distortion of the decoded signal. For this purpose, we replaced the 164 km fiber spools by a 25 km length of standard single-mode fiber. The probe power was fixed to -4 dBm to ensure that non-local effects are avoided, and the pump wave was modified in terms of pulse duration (20 ns, 30 ns and 40 ns), pump power and code length. Fig. 4a highlights the deleterious effect on the decoded signal due to the non-linear amplification as a function of the code length for a pulse of 20 ns and 19 dBm power. The non-linear amplification due to the code length, as can be clearly observed in Fig. 4b , where it is depicted the amplitude value of the beginning of the decoded BOTDA trace at maximum BFS frequency for different code lengths, has a direct link to the pump power, the code length and also to the pump duration. Thus, in order to avoid distortions in the decoded signal, it is mandatory to reduce the pump power, the code length or the pump duration, which can lead, in several cases, to a non-existing improvement of the SNR. 
CONCLUSION
In this paper, we have introduced an enhanced BOTDA that combines mono-color cyclic coding and a frequency modulated dual-probe. The capabilities of the technique have been analyzed by performing measurements over a 164 km loop length of fiber with high precision and resolution. Furthermore, a brief study regarding the limits of the code lengths that can be used without distortion in the decoded signal has been presented.
